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Abstract. The  International Symposium on Solar- 
Terrestrial Coupling Processes was  held in Paros, Greece, 
on June 23-27,1997. The Symposium was sponsored by 
NASA, the  European Geophysical Society, the Greek 
Ministry of the Aegean, and  the Greek Ministry of  De- 
velopment. It was attended by 85 scientists from 13 
countries, and included six sessions on topics ranging 
from Interplanetary  Disturbances to Particle Acceler- 
ation.  In  addition to  the six sessions a panel discus- 
sion session was held. Seven scientists reported on  re- 
cent advances, open questions and  future directions in 
solar-terrestrial research. This review paper is based on 
the panelists' reports  and includes individual sections 
on  seven particular  topics of special interest to solar- 
terrestrial research. The topics  range from the signifi- 
cance of solar wind composition and  interplanetary dis- 
turbances to promising new technologies and  methods. 

Solar-terrestrial research deserves the special attention 
of the scientific community, both because of the  attrac- 
tive physics underlying the various phenomena associ- 
ated with them, as well as because of the applied aspect 
of the sometimes destructive effects of solar-terrestrial 
coupling on a wide variety of technological systems. 

1 Introduction 

This  paper is a collaborative review that originated in 
the panel discussion of the Paros Symposium on Solar- 
Terrestrial Processes. The contributions to this  paper 
were prepared by the panelists  and pursued the following 

1. To  summarize  the  current  understanding of the 
chain of processes pertaining to solar-terrestrial cou- 
pling. 

2. To  address  important recent findings and  outline 
their importance. 
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goals: 

3. To identify open questions and  outline  their im- 
portance/relevance to key issues in solar-terrestrial cou- 
pling. 

4. To recommend directions for future efforts and 
developments in our discipline. 

The organization of the  paper is as follows: 
In Section 2 Emmanuel Sarris highlights the impor- 

tance of superthermal  particles in high-P interplanetary 
and  planetary magnetoplasmas, which have long been 
neglected. He refers to relevant Voyager and Ulysses 
observations in interplanetary  space  and  in the Jovian 
magnetosphere. 

In Section 3 Johannes Geiss refers to  the differences in 
composition between the two main  types of solar wind 
flow.  He suggests that appropriate  measurements of el- 
ement composition and ion charges in the solar wind 
would  yield significant information on solar-terrestrial 
coupling. 

Bruce Tsurutani in Section 4 examines possible in- 
terplanetary mechanisms for the creation of the largest 
magnetic storms in geospace. The examination of pro- 
files of the most intense  storms from 1957 to the present 
indicate that double IMF  (Interplanetary Magnetic Field) 
B, events are the most probable cause of the largest 
storms. 

Manfred Scholer reports on problems in magnetopause 
physics in Section 5. His report includes discussions on 
steady state reconnection, flux transfer events, recon- 
nection under northward  IMF, the problem of diffusion 
and cusp entry. 

Wolfgang Baumjohann reports on the much-debated 
process of magnetospheric substorms in Section 6. He 
refers to recent findings with the  AMPTE/IRM  and 
Geotail spacecraft, and  to open questions regarding  sub- 
storm onset and substorm-associated reconnection in 
the magnetotail. 

In Section 7 Dimitris Vassiliadis reports on Space 
Weather and its forecasting, and on the new oppor- 
tunities it will provide in applied and interdisciplinary 
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research. He  gives a  summary of several research di- 
rections in current development and some recommenda- 
tions for the field's evolution. 

The terrestrial factor in solar-terrestrial coupling is 
discussed by Ioannis Daglis in Section 8. He reviews 
the  importance of the  terrestrial ionosphere for dynamic 
processes in geospace, and presents recent advances with 
regard to  the role of ionospheric ions in magnetic storms 
and  substorms. 

Last but not  least,  the high potential of Neutral Atom 
Imaging (NAI) is outlined by Stefan0 Orsini in Section 
9. He describes the basics of the NAI technique, refers 
to actual observations, and discusses the focal points for 
the use of NAI  in magnetospheric research. 

2 The importance of superthermal  particles  in 
high-beta plasmas 

In  space plasmas the value of the plasma  parameter 
beta ( p ) ,  i.e. the  ratio of the thermal pressure of the 
plasma to  the magnetic pressure, has  important conse- 
quences in controlling the interaction of the solar wind 
with the planetary magnetospheres, the shock struc- 
ture,  the properties of the magnetosheath plasma etc. 
In interplanetary  space P is usually in  the range 0.1 to 
1.0 (Russell, 1990). In computing p the contribution of 
the  superthermal  particles to  the plasma pressure is as- 
sumed negligible. Indeed, numerous observations have 
established that  the energy density of the magnetic field 
usually exceeds that of the energetic particles (E230 
keV) by 2 to 3 orders of magnitude. The energetic par- 
ticles are considered tracers inside the magnetoplasma. 
The dominant role of the magnetic field in guiding the 
transportation of energetic particles in interplanetary 
and magnetospheric plasmas constitutes  a basic under- 
standing of the physics of particle  propagation. 

However, a series of measurements of energetic par- 
ticles and magnetic field  by the Voyager and Ulysses 
spacecraft have shown that there  are  certain periods and 
regions in interplmetary space when the energy density 
contained in the  superthermal  tail of the particle distri- 
bution is comparable to  and occasionally exceeds that 
of the magnetic field creating conditions of very high-P 
plasma. 

During these periods and/or locales, the hot plasma 
pressure alone, i.e. the pressure of energetic particles 
with E230 keV not including the  thermal plasma pres- 
sure, is  sufficient to balance the magnetic field pressure 

The interplanetary events detected by the Ulysses/HI- 
SCALE  experiment  (Kasotakis et al., this volume, 1997) 
when the  ratio of the energetic particle pressure to  that 
of the  magnetic field exceeds 1, correspond to regions: 

(B2/2PO). 

a. of unusually large magnetic field depressions 
b. in the vicinity of large  transient  disturbances asso- 

ciated with shock waves. 

The presence of these high-/3 plasmas in the  interplan- 
etary  space has important implications for: 

0 The propagation of energetic particles; contrary to 
the basic understanding of energetic particle propaga- 
tion, energetic particles  cannot  be tightly bound to  the 
magnetic field within regions, where their energy density 
contributes most of the pressure. 

The  structure  and  strength of interplanetary shocks, 
as well as the  properties of the nearby upstream  and 
downstream regions. 

0 The interaction of the solar wind with the plane- 
tary magnetospheres, which  is controlled by the  total 
pressure balance and  determines  the  spatial  extent  and 
shape of the magnetosphere. 

In magnetospheric plasmas the energetic particle pres- 
sure is frequently an  important or even dominant com- 
ponent of the  plasma pressure (e.g., Daglis and Axford, 
1996). High-P plasmas are a well known characteristic 
of the terrestrial ring current (e.g., Daglis et al., 1993; 
Hamilton et al., 1988;  Lui et al., 1987; Williams, 1983), 
although limited to only a rather small range in ra- 
dial  distance  (around -5 RE). Most important  are  the 
high+ (up  to -200) conditions encountered in many ICF 
cations  throughout the Jovian magnetodisk inside the 
plasma sheet proper (Krimigis et  al., 1981; Lanzerotti 
et  al., 1993), where the energetic particle pressure pro- 
vides most of the plasma pressure, is comparable to  the 
solar wind pressure and controls the  spatial extent  and 
dynamic state of the Jovian  magnetosphere . 

High-P plasmas within the  planetary magnetospheres 
are often loaded with energetic heavy ionospheric ions of 
high energy density (Daglis, 1997a; Daglis et al., 1991b, 
1994). Heavy ions such as O+ can play an important 
role in shaping the magnetosphere and/or  contribute  to 
breaking the unstable regime in the  magnetotail  plasma 
sheet (e.g., Baker et al., 1982; Biichner and Kuska, 1997; 
Lakhina, 1995; Swift, 1992). 

3 Variations  in  solar  wind  composition:  Clues 
on magnetospheric  entry  and  transport 

There  are two main types of solar wind  flow, the slow 
wind coming from the  streamer  belt,  and  the fast  streams 
coming out of the coronal holes. During solar minimum 
conditions, these holes are centered around the poles of 
the Sun. However, because their  shapes are irregular 
and  the outflow from them is superradial (i.e., the flow 
lines diverge stronger than  radial),  the fast streams  can 
reach the low latitude region of the heliosphere. Es- 
pecially during declining solar activity  and  under solar 
minimum conditions, the  Earth is repeatedly moving 
into  and out of a  fast  stream,  due to  the solar  rotation 
(Bame et al., 1977). 

Elemental and isotopic abundances in the solar wind 
are not exactly the  same  as  they are in its source reser- 
voir, the  outer convective zone (OCZ) of the Sun. Sepa- 
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ration processes in the chromosphere and in the corona 
produce a general variability in solar wind  ion abun- 
dance as well as systematic differences  between solar 
wind and OCZ composition. The most systematic dif- 
ference is produced in the chromosphere. There, an 
ion-atom separation process causes an overabundance of 
elements with low first ionization potential (the "FIP- 
effect") and  an underabundance of helium in the plasma 
that is fed into  the  corona.  The  FIP effect  is strong in 
the slow wind, but it is weak in the fast streams (Gloeck- 
ler et  al., 1989; von Steiger et al., 1992). 

Solar wind and  solar flare particle  abundance data 
(Garrard  and  Stone, 1994; von Steiger et al.,  in press, 
1997), covering a dozen elements, indicate that  the  FIP 
effect results from a  competition between ionization time 
in the  outer chromosphere and  a  characteristic ion-atom 
separation  time. However,  specifics concerning the dy- 
namics and geometry of separation remain to be spec- 
ified (Henoux and Somov, 1992; von Steiger et al., in 
press, 1997). It is  well  known that ion-atom separa- 
tion also plays an important role  in the environment 
of the  Earth, for instance in forming the  Elayers or in 
the fractionation of the ions that  are moving into  the 
plasmasphere (Geiss and Young, 1981). Comparison of 
concepts of ion-atom separation in the  Earth's environ- 
ment and in the Sun's chromosphere could be beneficial 
to both research fields. 

The boundaries of coronal holes are very sharp (Hu- 
ber et al., 1974), and  thus, also the boundaries between 
the slow solar wind and  the fast streams  are well  de- 
fined. Three main solar wind parameters change at 
these boundaries. The speed in the fast streams is higher 
by nearly a  factor of two, the average charge states of 
heavier elements are lower as the result of the lower 
electron temperature in the coronal holes, and  the  abun- 
dances of elements like Mg,  Si and Fe are lower, due to 
the reduced strength of the FIP effect (Fig. 1). Stud- 
ies with SWICS/Ulysses have shown that these changes 
occur regularly and simultaneously, with time delays of 
less than a  day (Geiss et al., 1995; Wimmer et al., in 
press, 1997). 

The systematic difference in the ion charge states  and 
the chemical composition between the slow wind and 
the fast streams offers an opportunity to study mag- 
netospheric entry of solar wind  ions into  the magne- 
tosphere  and loss processes from the magnetosphere. 
Aside from density enhancements in shocks which are 
associated with the  interaction between the two solar 
wind  regimes (A. J. Lazarus, personal communication, 
1997), the average momentum flow is not very  differ- 
ent in the slow wind and in the fast streams.  Thus, 
we have large changes in the composition of minor con- 
stituents  without  a  major difference in the solar wind 
pressure. These are favorable conditions for tracer  stud- 
ies. Suitable  pairs of ions can be used to monitor solar 
wind entry,  transport inside the magnetosphere, resi- 
dence times, loss rates  and ion recombination processes. 
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Fig. 1. Solar wind abundances, relative to photospheric abun- 
dances and normalized to the  oxygen, as a  function of the first 
ionization  time  (after von Steiger, 1995). This is the  ionization 
time of atoms for an optically  thin layer at  the solar surface. The 
FIP effect,  i.e.  the overabundance of elements  with low  first  ion- 
ization  potential, is strong in the  slow solar wind (or interstream 
wind) and relatively weak in the  fast  streams  coming  out of coro- 
nal holes. 

Ideal  instruments for such studies would be time-of- 
flight mass spectrometers which determine ion masses 
as well as mass/charge ratios (Gloeckler, 1990). Suit- 
able as tracers would be  the charge states of carbon, 
oxygen, and iron, as well as abundance  ratios between 
low- and high-FIP elements. Here are a few examples: 
Fel6+ is common in the slow wind, but virtually ab- 
sent in the fast  streams,  resulting in a difference of the 
Fe16+/Fe8+ to  11+ ratio by more than a  factor of 10 be- 
tween the two types of solar wind. The highest charge 
state of  Mg in the solar wind is Mgl0+ and  the lowest 
charge state of 0 is 06+. Thus  the differences in element 
composition and ion charges combine to give a change 
in the Mg'O+/OS+ ratio by a factor of five to seven be- 
tween the slow  wind and  fast  streams. The changes in 
ion abundance  ratios given in these  two examples are 
so large that  the method advocated here could give  sig- 
nificant information on magnetospheric processes, even 
with limited counting statistics. 

4 Interplanetary causes of great and super - in- 
tense magnetic s torms  

4.1 Introduction 

The purpose of this section is to examine the causes of 
great  (Dst < -250 nT) magnetic  storms at  the  Earth. 
We consider the effects of interplanetary shock events 
on magnetic cloud and  sheath  plasma, leading to poten- 
tially stronger  interplanetary  magnetic field (IMF) mag- 
nitudes. We also examine the effects of a long-duration 
southward  sheath magnetic field,  followed  by a mag- 
netic cloud B, (southward  IMF)  event. The profiles of 
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Fig. 2. Schematic  showing  geometry of a  magnetic  cloud and 
upstream  sheath. 

the most intense  storms for  which interplanetary data 
exist are discussed in light of these mechanisms. 

We know the energy transfer mechanism from the so- 
lar wind to  the magnetosphere for magnetic  storms is 
magnetic reconnection between the  interplanetary mag- 
netic fields and  the  Earth's fields (Dungey, 1961), where 
the  interplanetary dawn-dusk electric field  is  given  by - 
V,,,, x B,. In  the above expression, VSW  is the solar 
wind velocity and BS  is the southward component of the 
interplanetary magnetic field (IMF). However, there  has 
been little effort placed to  date on understanding the de- 
tailed causes of the very largest  magnetic  storms. Are 
the velocities unusually high? Are the magnetic fields 
unusually intense or do  both  the velocity and  magnetic 
fields have to be large to create  superintense  storms? 
Are double (or triple) shock events creating very high 
magnetic fields? Or are  there  other causes of these un- 
usually intense  storm events? 

4.2 Sheath/ICME magnetic fields 

It  has been shown that a southward IMF 5 -10 nT 
(E,,,, 2 5 mV/m) for T>3 hours is necessary for the 
creation of an intense (Dst  5 -100 nT) magnetic storm 
(Gonzalez and  Tsurutani, 1987). The southward IMF 
events can be located  either in the  sheath fields ahead 
of fast interplanetary coronal mass ejections (ICMEs) 
or within the ICMEs themselves. The  latter case, Bs 
within an  ICME, is usually in the form of a magnetic 
cloud (Burlaga et al . ,  1981). A schematic of this over- 
all geometry is  given  in Fig. 2. However it should be 

Fig. 3. Normalized time series of: (a)  the AL index  showing  the 
development of single and double  geomagnetic  storms  (upper  two 
panels), and (b)  the  corresponding IMF B, components (lower two 
panels) showing the southward  turning of the field which induces 
the response in the AL index shown  in (a) (from  Kamide et  al., 
1997b). 
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pointed out  that 5 out of 6 fast solar ejecta do not con- 
tain magnetic clouds (Tsurutani  et al., 1988a). 

There  are reasons to expect  stronger magnetic fields 
in both  the fast ICMEs and  the  upstream  sheaths. A 
fast driver gas will in general lead to stronger shock- 
compressed magnetic fields (depending on the  upstream 
flow conditions). The magnetic field compression across 
the shock can be up to a maximum of 4 (Kennel et al., 
1985). If the upstream IMF has  a  southward  orientation, 
the shock leads to intensification of this component. 

In previous data analysis results,  there  has been a gen- 
eral  relationship between the speed of the ICME and  the 
magnetic field intensity in the magnetic cloud. From the 
Burlaga et al. (1978) data  set, we note that the magnetic 
field intensity of  slow speed streams was  only -10 nT, 
whereas the  faster clouds have intensities of  20-30 nT. 
This  relationship  has  not been previously pointed out 
and no theoretical  explanation has been offered.  Com- 
pression of the cloud  is certainly occurring, but  it is 
uncertain whether all of the field increase can be ac- 
counted for by such an effect. Another possibility is 
that this relationship may be  related to  the CME re- 
lease and acceleration mechanisms at  the Sun. The IBI- 
V,, relationship may give important clues as to these 
mechanisms. This  topic is examined in greater  detail in 
Tsurutani  et  al.  (this volume, 1998). 

One mechanism to create field strengths even higher 
than  that addressed above, would be for a second in- 
terplanetary shock to (further) compress the high  fields 
existing in the  ICME/sheath regions (of Fig. 2). An ar- 
gument was presented in Tsurutani  and Gonzalez (1997) 
that  the presence of shocks/strong compressions may 
not be possible within magnetic clouds, because of the 
low /3 in these regions. Typical /3 values  in clouds are 
-0.1 with consequential AlfvBn/magnetosonic speeds of 
300-700 km/s.  These high speeds necessary for shock 
formation, should ordinarily preclude the formation of 
such structures within magnetic clouds. 

It is unclear what will happen to this compressional 
wave  when it reaches the antisolar side of the cloud. 
It may be sufficielitly dispersed or it may  possibly re- 
form as a shock. Another mechanism to have shocks 
occurring within sheaths is to have the shocks propa- 
gate from the downstream magnetosheath up into the 
front side sheath regions. To  determine  what  the possi- 
bility of each of these mechanisms might be, simulation 
efforts are recommended. 

4.3 Double storms 

Another way to get large Dst events is to have two 
storm main phases with the second closely  following 
the first. Kamide et al. (1997b) in an analysis of more 
than 1200 magnetic storms  has shown that such events 
are  quite common and  are caused by two IMF  south- 
ward field events of approximately  equal  strength  (Fig. 
3). Kamide et al. (1997b) argue  that this could also be 
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Fig. 4. The five  largest magnetic  storms during the  period from 
1980 through 1986. 

viewed as two moderate magnetic storms  with  the Dst 
base of the second well  below that of the first. 

Grande  et al. (1996) and Daglis (1997a) have stud- 
ied the March 23, 1991, double magnetic  storm using 
CRRES ion composition data.  Grande  et al. point out 
that  the first event is dominated by Feg+, whereas the 
second by  Fe16+. A likely explanation is the first event 
was caused by sheath  southward  IMFs (shocked, slow 
solar wind plasma and fields) and  the second was from 
the remnants of the ICME itself (magnetic cloud). The 
peak Dst for the first event was "-100 nT and "300 
nT for the second event. We note however that these 
values  were not solar wind ram pressure-corrected. The 
field at  the storm  initial phase was -+60 nT indicating 
that the correction will be substantial. 

We reexamine the  interplanetary causes of great mag- 
netic  storms (Dst 5 -250 nT) which have correspond- 
ing interplanetary data (reported in Tsurutani et al. 
(1992)). The Dst profiles are shown in Fig. 4. Three of 
the four largest events have complex main phases. The 
April 12-13,1981  and  July  13-14,1982 events are  double 
main phase storms. The February 7-9, 1986 storm  had 
a main phase that took 1 1/2 days to develop, then  an 
abrupt further decrease. This could be  due  to a complex 
ICME  sheath region. 
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4.4 Conclusions 

It is found that double main phase events are  quite com- 
mon  for great magnetic storms (Dst  < -250 nT).  The 
two (or more) ring current injections lead to the excep- 
tionally large Dst values as suggested by Kamide et al. 
(1997b). A reexamination of the IMF Bs  features lead- 
ing these five storm  events would be illuminating. 

5 Problems in magnetopause  physics 

5.1 Introduction 

The magnetopause is the outer  boundary of Earth’s 
magnetosphere.  There is abundant evidence that  the 
magnetopause is the  site where solar wind mass, energy, 
and  momentum is constantly being transferred to  the 
magnetosphere. A wide variety of processes has been 
proposed in order to accomplish this  transfer.  Steady- 
state processes include diffusion, magnetic reconnection, 
and  direct  cusp entry. Transient processes include bursty 
reconnection, impulsive penetration,  and non-linear 
Kelvin-Helmholtz instability. We  will briefly describe 
the characteristics of some of these mechanisms, com- 
ment on the significance to plasma transfer in and  out 
of the magnetosphere,  and point out open questions. 

5.2 Steady  state reconnection 

The magnetopause is most easily described as a cur- 
rent  sheet that separates two plasma regions with dif- 
ferent magnetic fields. When anti-parallel magnetic field 
components exist on the two sides any deviation from 
the ideal MHD behavior of the plasma allows magnetic 
field lines embedded in the magnetosheath to connect 
with the magnetospheric field lines, as first proposed 
by Dungey (1961). Solar wind plasma can then flow 
along the reconnected field lines into the magnetosphere, 
thereby adding mass, energy and momentum to  the mag- 
netospheric plasma  population.  Furthermore, the newly 
reconnected field lines are highly bent  and the mag- 
netic  tension force accelerates the plasma to high speed. 
Much of the in-situ evidence for reconnection at the 
magnetopause comes from the observations of the ac- 
celerated flows (Sonnerup et al., 1995). Evidence for 
reconnection has also been found from features in the 
plasma distribution function (Cowley, 1982) and from 
spatial profiles of ions compared to electrons exhibit- 
ing a velocity filter effect (Gosling et al., 1990). While 
it is clear that reconnection occurs, it is  less clear why 
this is so. In one-fluid  MHD, reconnection is governed 
by the  diffusion  term in the generalized induction equa- 
tion. Near the  neutral line a finite resistivity q allows 
an electric field along the  neutral line in the so-called 
diffusion region. The diffusion term is  based on Ohm’s 
law, which describes the relation between the electric 
field and  the  current.  In  the simplest case the electric 

field in the moving frame and  the current  are propor- 
tional to each other,  the  proportionality  factor being the 
resistivity. In the case of a collisionless plasma such a 
resistivity may be provided by an instability, e.g., by a 
current driven instability. In case if such an anomalous 
resistivity is not present other processes have to supply 
an electric field along the  neutral line. Assuming quasi- 
neutrality,  the electric field can be determined by the 
electron momentum equation 

4x dj 1 
W& dt nec 

E = - - - - - j x B + - v i x B - - V . P , + - q j  1 1 
C e2n - 

Here P, is the full electron pressure  tensor, w,, is the 
electronplasma frequency, j is the electrical current, vi 
the bulk  velocity of the fluid (ions), and n is the number 
density of both ions and electrons. Magnetic flux is un- 
frozen  in the ion frame when V X (Efvi X B/c) # 0. This 
can be achieved by, besides finite resistivity, either of 
the following three: an electron pressure  tensor P, with 
non-zero off-diagonal terms,  the  term (47r/wie)43t  due 
to electron inertia, or an electron equation of state where 
the pressure is not barotropic but baroclinic, i.e., isobars 
and isodensity surfaces do  not coincide (Scudder, 1997). 
It is evident that  the details of the electron behavior 
are of fundamental  importance  in  understanding mag- 
netic reconnection in collisionless plasmas in general and 
at the magnetopause in particular. Observationally this 
requires high spatial  and  temporal resolution of the elec- 
tron  distribution function: the typical electron scale, the 
electron skin depth c/wpe, is at  the magnetopause of the 
order of 1 km. 

5.3 Flux transfer events 

Short-lived abnormal deflections in the magnetic field 
near  the magnetopause are called “flux transfer  events”, 
or FTEs for short. Such signatures may occur on the 
magnetosheath side as well as on  the magnetospheric 
side of the  magnetopause,  and are called magnetosheath 
events or magnetospheric events. Most models of FTEs 
rely  in  some way on time  dependent  magnetic reconnec- 
tion between the  IMF  and  the  Earth’s magnetic field. 
They differ  by  how often  a  magnetic field line is recon- 
nected, by the  length of the reconnection line(s)  and by 
the process initializing reconnection (Scholer, 1995). In 
the multiple neutral line model the tearing mode pro- 
duces magnetic islands, which  grow (due to the con- 
tinuous injection of the solar wind toward the magne- 
topause) to considerable size (Lee and F’u, 1985). In the 
presence of a  shear  magnetic field component the islands 
become  flux tubes embedded in the magnetopause. A 
second model  is based on a combination between the 
Kelvin-Helmholtz instability  and the tearing mode in- 
stability at  higher latitudes on the dayside when a  strong 
velocity shear exists across the magnetopause  current 
layer (Pu  et al., 1990). The large-scale vortices result- 
ing from the Kelvin-Helmholtz instability twist the mag- 
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netic field; reconnection sets in above and below the 
fluid vortices leading to flux ropes in the presence of a 
B, component. In these models it is not clear how the 
connectivity occurs at the  ends of the flux ropes. In  the 
single X-line reconnection model sudden onset of recon- 
nection leads to a pair of bulges  in the magnetopause 
extending over a large longitudinal segment (Scholer, 
1988). As far as magnetic connectivity is concerned this 
model is a  truly two-dimensional model. The original 
elbow-shaped flux transfer model by Russell and Elphic 
(1978) describes the  FTE as a magnetosheath flux tube 
connected to  the magnetospheric magnetic field through 
a  slanted hole in the magnetopause. Three-dimensional 
MHD simulations have led to two global models. Re- 
peated reconnection at higher latitudes of the dayside 
magnetopause  under  strictly  southward  IMF can lead 
to flux tubes with a twisted field line structure extend- 
ing in the dawn-dusk direction (Sat0 et al., 1986). In- 
clusion of a B, IMF component in global simulations 
has produced flux tubes  extending from high latitudes 
at  the dawn side of one hemisphere to high latitudes on 
the dusk side of the opposite hemisphere (Ogino et al., 
1989). Another model  is based on both patchy and in- 
termittent reconnection: the reconnection sites at  higher 
latitudes  are determined by three-dimensional tearing 
(X-lines do occur only along short segments) and  the re- 
connection rate  at each reconnection site is determined 
by the component reconnection driven by the solar wind 
(Kan, 1988). 

A way to differentiate between the various FTE mod- 
els is to determine  the magnetic connectivity. Magnetic 
connectivity is very simple in the  bursty single X line 
model and  the elbow-shaped flux tube model whereas 
it is more complicated in the multiple X line reconnec- 
tion model and is unclear in some of the other models. 
From the theoretical point of view the problem of con- 
nectivity has  to be pursued further. Observationally, 
anisotropy measurements of energetic magnetospheric 
particles should be able to give some indication of the 
connectivity. There  are also differences in the amount of 
twist of the connected flux tubes  predicted for some of 
the models. Twist is  difficult to measure; however,  mea- 
surements with several not  too widely separated space- 
craft can give some answer. 

Another difference between some models is the orien- 
tation of the flux tube  and, partly connected with this, 
the  length of the  neutral line. It is unclear whether 
the  magnetopause is unstable to the  drift-tearing mode 
instability. If the number of growing modes is  suffi- 
ciently large, the nearby magnetic islands overlap and 
magnetic field lines wander stochastically between them. 
This leads to diffusion of magnetic field  from one side 
of the layer to the  other. Such a percolation process 
has so far not been  verified directly by spacecraft ob- 
servations. Also the  importance of percolation for  flux 
transfer events has yet to be demonstrated.  The inter- 
pretation of many IMF  perturbations near the magne- 

topause in terms of FTEs has been criticized by Sibeck 
(1992): some of the  perturbations may well be explained 
in terms of the passage of pressure-pulse-induced mag- 
netopause ripplets across an observing satellite. 

5.4 Reconnection under northward IMF 

Steady state reconnection and  bursty reconnection are 
expected under southward  IMF  and will leads to a low- 
latitude  boundary layer (LLBL) on open field lines. There 
is indeed abundant evidence that  the LLBL  is at times 
on open field lines, i.e., magnetospheric field lines having 
one foot in the ionosphere and  extending into  the mag- 
netosheath.  There is more circumstantial evidence that 
the LLBL also exists on closed  field lines over some por- 
tion of the magnetospheric boundary. Nishida (1989) 
has proposed that when the  interplanetary  magnetic 
field (IMF) is northward  transient  and localized recon- 
nection may occur on the dayside magnetopause  and 
may lead to  the formation of the LLBL. In this model 
the momentum in the solar wind  in the magnetosheath 
is transported  into  the LLBL directly with the entering 
plasma and indirectly as the reconnected field lines are 
pulled  by the solar wind plasma. Only those geomag- 
netic field lines will contain magnetosheath  plasma that 
have been open at  some time in the past. Thus, accord- 
ing to this model, the LLBL  is an  entity of flux tubes 
which have well-defined boundaries. The blobs observed 
by  Sckopke et al. (1981) are  taken as evidence for such 
well-defined flux tubes. 

Magnetic reconnection at high latitudes behind the 
polar cusps has been proposed by Song and Russell 
(1992) as a process for the formation of the LLBL un- 
der northward  IMF:  a  magnetosheath flux tube, which 
drapes over the stagnation  point, moves relatively slowly 
with respect to  the magnetospheric fields and is  likely to 
reconnect at  high latitudes, where the magnetosheath 
and  the lobe field are antiparallel. After reconnection 
the poleward portion of the flux tube convects tailward 
with the solar wind  flow. In  the dayside portion of the 
flux tube  the magnetospheric and  the magnetosheath 
plasmas mix and  the flux tube sinks into  the magneto- 
sphere. During this process the flux tube length  short- 
ens  and  the  diameter decreases, assuming that the flux 
tube field  is the same as the magnetospheric field  when 
it enters  the magnetosphere. 

fiselier et al. (1995) have presented evidence that re- 
connection does not necessarily occur simultaneously as 
proposed in the  qualitative Song and Russell (1992) pic- 
ture. They identified a  magnetosheath  boundary layer 
(MSBL) near the dayside magnetopause at the mag- 
netosheath side of the magnetopause  current layer and 
the LLBL. This MSBL  is characterized by unidirectional 
streaming electrons: one half of the  distribution parallel 
to  the magnetic field has  the  characteristics of the dis- 
tribution in the nearby magnetosheath  (actually in the 
plasma depletion layer),  the  other half is similar to  the 
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distribution in the LLBL on the  Earthward side of the 
current layer. The existence of such an MSBL suggests 
that reconnection does not occur simultaneously at  both 
high latitude reconnection sites. 

The process of high latitude reconnection and mag- 
netospheric incorporation of newly  closed  flux tubes is 
a persistent  feature of global magnetospheric simula- 
tions. For example &der et al. (1995) found that 
the reconnection-produced newly  closed field lines at  the 
dayside are swept by the  magnetosheath flow along the 
magnetopause  and are stretched along the flanks of the 
tail. The momentum flux of the magnetosheath is sup- 
posedly so large that  the field lines become stretched 
to  at least 400 RE downtail. These  stretched field lines 
constitute  a tailward-flowing layer with closed  field lines, 
i.e., with positive B,, while there may still exist nega- 
tive B, near the  tail axis from earlier or still ongoing 
near-Earth reconnection. This tail flank boundary layer 
(TFBL) does not seem to be driven by a process sim- 
ilar to  the one proposed by Song and Russell (1992) 
where thermal energy is converted into dynamic energy; 
rather,  the momentum of the magnetosheath flow in a 
newly produced closed flux tube propels the flux tube 
downstream. Solar wind flow energy is converted by this 
process into electromagnetic energy by the stretching 
and  twisting of the flux tubes. It is still unclear which 
part of the LLBL  is on closed/open field  lines and un- 
der which conditions and whether or not the flanks are 
more important for the formation of the magnetopause 
boundary layer and in the coupling than  the dayside 
LLBL. Clarification of these problems will require a sub- 
stantial  amount of additional experimental and  theoret- 
ical work as well as all  types of numerical simulations. 

5.5 The problem of diffusion 

Because of the  mutual topologies of the draped IMF 
and  the warped magnetospheric field, there is probably 
always reconnection somewhere at  the magnetopause, 
leading to free plasma entry. Only when the sheath field 
is purely northwafd may diffusion be assumed to explain 

tal investigation of the anomalous diffusion process has 
not given support to theories based on diffusive particle 
transport from the solar wind to  the LLBL. Precise anal- 
yses of wave observations by Tsurutani  et  al. (1989) and 
Treumann et al. (1991) showed that  the wave intensities 
in the  transition layer are not strong enough to yield the 
required anomalous collision frequencies. The canonical 
value of the diffusion  coefficient required for the filling 
of the LLBL  is about D loe m's-l (Sonnerup, 1980). 
The most promising instability is the lower hybrid drift 
instability  (LHDI), which results in the highest diffusion 
coefficient at  a given  wave electric field intensity. The 
highest measured wave intensities result in a diffusion 
coefficient,  which comes close to  the Sonnerup diffusion 
limit. Thus sporadic, very  high intensities in this mode 

. the filling of the LLBL at  the flanks. The experimen-. 

may cause strong plasma injection. However, a  statis- 
tical analysis of the wave intensities by Treumann  and 
Bauer (1996) obtained from a  large sample of magne- 
topause crossings shows that the average intensity is 
below lod7 V'm-' which  yield extremely small aver- 
age diffusion. Thus diffusion can only be marginally 
high in microscopic localized regions, presumably LH 
density cavitons which escape the measurements. High 
temporal  and  spatial resolution wave measurements are 
required to obtain new insight. Anomalous diffusion 
based on low frequency magnetic  fluctuations  has been 
ruled out  (Tsurutani  and  Thorne, 1982). However, if the 
low frequency  waves measured by Rezeau et al. (1993) 
are kinetic AlfvCn waves, in particular AlfvCn solitons, 
then they are  another  candidate leading to particle dif- 
fusion  in a large resonant  phase  space volume. For these 
low frequencies the first adiabatic  invariant is conserved, 
diffusion can therefore only be caused by scale invariant 
turbulence (Scholer and  Treumann, 1997). 

Although electric wave intensities at  the magnetopause 
are unlikely to lead to anomalous diffusion, the result- 
ing anomalous collision frequency is high enough for 
locally providing an anomalous resistivity required by 
reconnection. The highest electric wave intensities re- 
sult, assuming an electron temperature of 50 eV and 
a magnetic field of 100 nT, in a collision frequency of 
10 - 50 Hz, which  is more than 6 orders of magnitude 
higher than  the collision frequency based on Coulomb 
collisions. Thus reconnection based on anomalous resis- 
tivity  near  the  magnetopause  cannot be ruled out, what 
brings us back to  the question what causes collisionless 
reconnection at  the magnetopause. 

5.6 Cusp entry 

The cusp region  is the most unexplored from the obser- 
vational as well as from the theoretical  point of view. 
Due to the convergence of the magnetospheric magnetic 
field toward a point in the cusp  there will always be 
a point where the  IMF is antiparallel to  the magneto- 
spheric field. This region can be a preferential region 
for reconnection which may lead to direct  entry of s e  
lar wind plasma into  the magnetosphere. The bulges of 
flux ropes representing flux transfer events move on  the 
dayside to higher latitudes  and eventually encounter the 
cusps. It has been proposed that  the  FTE plasma bub- 
ble will break up once the  speed of the bubble becomes 
smaller than  the AlfvCn speed in the medium ahead of 
the bubble (Smith and Lockwood, 1990). Ion precipita- 
tion signatures on cusp field lines have been predicted 
on the basis of the  pulsating  cusp model, i.e., assuming 
the occurrence of time-varying magnetic reconnection at  
the dayside magnetopause. During  steady-state recon- 
nection the cusp is expected to  be a  rotational disconti- 
nuity, whereas during pulsed reconnection the cusp may 
alternate between a RD and  a  tangential discontinuity. 

The magnetosheath flow over the funnel-shaped in- 
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Fig. 5. Location of 27 fast  tailward convection  flows, 11 fast 
Earthward convection  flows, and 3 reversal events (first Earthward 
and  then  tailward) observed  by Geotail. All events  had velocities 
perpendicular to  the magnetic field in excess of 300 km/s  (after 
Nagai and Machida,  in  press, 1997). 

dentation of the magnetopause in the cusp is expected 
to lead to turbulence. The turbulence may lead to eddy 
diffusion which can populate  the cusp  boundary layer 
with magnetosheath plasma (Haerendel, 1978). Fkom 
the coherence time of 20 sec measured by the Heos-2 
spacecraft a diffusion  coefficient of 5 x 1O1O m2/sec was 
derived. This exceeds the Bohm diffusion limit and cor- 
responds to free streaming. If this applies, the cusp 
region is a region of free plasma inflow. The turbulent 
flow expected in the cusp should also lead to turbulent 
reconnection. 

6 Substorms 

6.1 %cent findings and  current  understanding 

During the  last decade the  near-Earth neutral line 
(NENL) model has been challenged for a number of rea- 
sons (e.g., Baker et d., 1996). The most important one 
was that AMPTE/IRh4  and  ISEE 1/2 did observe high- 
speed Earthward flows, but rarely fast tailward flows 
within their apogees (Angelopoulos et al., 1994; Baumjo- 
hann, 1993). Hence, the NENL  is typically not situated 
at 15-20 RE radial  distance, as originally assumed. 

However, recent results from Geotail, summarized by 
Nagai and Machida (in press, 1997) and redrawn in Fig. 
5, show a  transition from Earthward to tailward con- 
vective  flows,  i.e., flows perpendicular to the magnetic 
field, at tailward distances of 22-30 RE,  just outside of 
the  ISEE  orbit.  Furthermore,  the flows near this  site  are 
found to precede the  ground onset time in a number of 
cases, implying that magnetic reconnection at a NENL 
is indeed the cause of substorms. 

Another  argument  against  the NENL  model  was the 
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Fig. 6. Results on a superposed epoch analysis  applied on plasma 
and  magnetic field data around  more  than 100 bursty bulk  flow 
events observed  by IRM  in  the  inner  central  plasma sheet  during 
1995. The  data are  centered  around the flow burst  maximum  and 
averaged  in bmin bins (after  Baumjohann, 1993). 

apparent mismatch between the brightening of the equa- 
tormost  auroral  arc, which typically maps to 10 RE or 
less and therefore not to  the 22-30 RE tailward  distance 
of the NENL.  However, as Haerendel (1992) already 
pointed out five years ago, there is no need for these 
two locations to  map  to each other. In fact,  both 10- 
cations are connected by the bursty  fast flows shown in 
Fig. 6. 

It is the high-speed flow, which causes the first near- 
Earth signatures of substorm  onset. Shiokawa et al. (in 
press, 1998) found that the  Earthward high-speed flows 
are not gradually decreasing in speed, but  are braked 
rather  abruptly  around 10-15 RE.  The associated flow 
shear  creates  a weak current wedge of -lo5 A  and dipo- 
larizes the magnetic field. 

Shiokawa et  al.  (in press, 1998) did  a  case  study  and 
could  show that  the sequence of events is ordered as 
shown  in Fig. 7. A high-speed ion flow, supposedly 
created by an NENL at 20-30 RE, is braked at  the 
boundary between tail-like and  dipolar fields, leading to 
a dawnward 'inertia'  current  and  magnetic field dipo- 
larization and pile-up. Some minutes  later, typical sub- 
storm effects  like a negative H-component at  high and 
positive H- and D-components at  mid-latitudes,  indicat- 
ing the growth of the substorm  current wedge, and dis- 
persionless injection of energetic particles a t  synchronous 
orbit,  are seen further in. 

6.2 Open questions and  outstanding problems 

However, there  are two problems with the scenario of 
Shiokawa et  al. (in press, 1998). First,  bursty fast flows 
are seen also during times where no expansion phase 
signatures  are seen on the  ground. Secondly, the effects 
associated with the braking last only as  the flow itself, 
about five minutes,  and  the  current  strength is compar- 
atively weak. Actually, it seems likely that high-speed 
flow braking often causes only a pseudo-onset or a weak 
short-lived expansion phase, which  may remain unde- 
tected on the  ground because of its localized nature. 

Hence, the question 'What causes substorm  onset?' 
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Fig. 7. Model of current  wedge formation during the  initial  stage 
of substorm  expansion. The number  preceding  each  comment  in- 
dicates  the order of occurrence (after Shiokawa et  al.,  in  press, 
1998). 

now seems to boil down to  the question what causes an 
initial  brightening or a pseudo-breakup or -onset to de- 
velop into a full-fledged substorm. At present the most 
likely candidate is a kind of feedback with the ionosphere 
via creation of Cowling channel (J. R. Kan, personal 
communication, 1997). However, also other processes 
inside 10 RE may be needed in order to lead to full 
substorm growth (Lui et al., 1988). 

Another open issue pertains to  the question whether 
open or closed flux is reconnected at the NENL. In the 
original NENL model, reconnection of open lobe mag- 
netic field and  the associated release of the energy stored 
in that field  is an essential ingredient (Baker et al., 
1996). 

Caan  et al. (1973) previously noted that some sub- 
storms display depletion of lobe flux and  thus near- 
Earth reconnection of open flux,  while more localized 
substorms  and  those  with multiple onsets do not. Caan 
et al. (1975) did  a superposed epoch study of 20 clear 
lobe field depletion events and found that all of them 
were associated with substorms. However, the  latter 
were all clearly isolated substorms associated with a 
northward  turning of the IMF. Since people like to study 
clear isolated events, the earlier caveat became forgot- 
ten  and  the decrease of lobe field energy density was 
thought to be associated with all substorms until 1996. 

In that year, Nishida et  al. (1996) noted that mainly 
closed  field lines are reconnected at  the  near-Earth neu- 
tral line. Independently, Baumjohann et al. (1996) dis- 
covered that only those  substorm that took place during 
a  storm main phase exhibited a  strong decrease in lobe 
field density, while those occurring during times of  low 
IDstl did on average not exhibit any significant changes 
in lobe field strength (see Fig. 8). 

Hence, there is a whole spectrum of substorms. Sub- 
storms come in all sizes, from pseudo-onsets over  weak 
and/or localized substorms to truly global ones. Differ- 
ent types of substorms may well involve  different insta- 

bilities, in addition or instead,  and only studying  the 
whole spectrum will bring us closer to  the final answer. 
Studying only one type of substorms  and developing a 
model for this type of substorm may be  a useful first 
step,  but one should abstain from a one-size-fits-all at- 
titude. 

Furthermore,  substorms show signatures everywhere 
in the nightside magnetosphere, from the ionosphere out 
to 100 RE, and  a real substorm model has to explain all 
of these features. Analyzing substorms  features in a par- 
ticular region of the tail is useful as a first step,  but de- 
veloping a model that only explains  the phenomena seen 
in that region ranges from  useless to even dangerous, if 
the model is not put  into  a more global perspective. 

At the present time, the oldest substorm model, 
namely the NENL model, still  presents the best basis 
for a  truly global substorm model. However, it should 
not be taken as a  paradigm, but modified and extended 
to include fast flow braking and feedback from the iono- 
sphere  and  perhaps inner magnetosphere. Only in that 
case it will be able to explain the whole range of sub- 
storms observed. 

7 Geospace activity forecasting 

7.1 Introduction 

In recent years space physics has been acquiring the 
foundations necessary for a predictive science. The suc- 
cess of scientific programs such as ISTP (e.g., Mish et al., 
1995) is evidence for our  ability to relate observations 
from many parts of geospace. We are now studying how 
the geospace responds as a system,  and we start fitting 
in this framework the processes that have been studied 
one at  a time for several decades. 

Such progress is important for prediction and fore- 
casting capability. Prediction refers to individual events 
(and, in its more general form, of new physical con- 
cepts); we use the term  independently of whether the 
event has actually taken place already (e.g. validation 
of a model  is a  study of what its predictions for past 
events); while forecasting is reserved for prognoses of fu- 
ture events. The high-density, high-quality data  that are 
now becoming regularly available serve to validate and 
improve the geospace models. Recently, then, the  space 
physics community has started discussing how to  apply 
the geospace models to  the  systematic  monitoring  and 
forecasting of geospace conditions or, as is commonly 
known, “space weather” (NSWC, 1995,1997; Siscoe and 
Maynard, 1996). 

Space weather “refers to  the conditions on the Sun 
and in the solar wind, magnetosphere, ionosphere, and 
thermosphere that can influence the performance and 
reliability of space-borne and ground-based technolog- 
ical systems and can endanger human life or health. 
Adverse conditions in the  space  environment can cause 
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Fig. 8. Superposed traces of the  magnetic pressure in the tail lobe (left) and the  magnetic field elevation angle  in the central plasma 
sheet (right)  during  storm-time and non-storm  substorms.  The traces are constructed by  averaging the measured values in 15-min 
bins with respect to substorm  onset, separately for 7 substorms  that occurred  during the  expansion phase of a  magnetic  storm and  35 
substorms where the Dst index was  above  -25 nT.  The dashed vertical lines mark substorm onset and the  approximate  start of the 
recovery  phase (after Baumjohann et  al., 1996). 

disruption of satellite  operations, communications, nav- 
igation, and electric power distribution  grids, leading to 
a variety of socioeconomic losses" (NSWC, 1995). It is 
becoming increasingly evident how disparate  the cost of 
space weather disturbances is, compared to the  budgets 
allocated for studying  them. The cost of a telecommu- 
nication satellite or of an electric power utility  trans- 
former exceeds $100 M. At the same  time the vulner- 
ability of the various technological systems affected  by 
space weather, may increase as a result of changes to- 
wards less-shielded components, less robust  infrastruc- 
ture, operation conditions, or higher demand  and use. 
In two independent developments, the deregulation of 
the U S .  electric power utility  industry,  and the intro- 
duction of a new generation of lightweight mobile  com- 
munication satellites, many of which  will be placed in 
low-Earth orbit,  are expected to expand the markets for 
space  weather prutlucts. 

7.2 Present  status 

Currently  there  are modeling, monitoring, and forecast- 
ing capabilities for many of the most important geospace 
disturbances. Among the existing physical models, most 
important for space weather forecasting are those mod- 
els  whose inputs  are conditions on the  solar surface or in 
the  solar wind, as these  are monitored from ground sta- 
tions  and  spacecraft such as WIND, SOHO,  and ACE 
(e.g., Mish et al., 1995; Poland, 1997). These solar wind 
and  interplanetary magnetic field (IMF) conditions are 
the  inputs of models, such as the  potential field-source 
surface models which can  propagate  the  inputs from 
above the  solar surface to 1 AU and can make  very good 
predictions for the velocity, and good predictions for the 

low-frequency variations of IMF B, polarity (Hoeksema 
and Zhao, 1992). Global MHD models are now cou- 
pled to solar wind and can reproduce several charac- 
teristics of largescale magnetospheric and  high-latitude 
ionospheric activity  (Papadopoulos et al., this volume, 
1997). Inner-magnetosphere test-particle models can re- 
produce particle fluxes and electric fields observed dur- 
ing individual storms in impressive detail, while the 
Magnetosphefic Specification and Forecast Model (Free- 
man et a l . ,  1994), based on solar wind input  and geo- 
magnetic activity index estimates, can now reproduce 
changes in electron fluxes due to spatial or temporal ef- 
fects with an accuracy of less than one order of magni- 
tude. Closer to  Earth, ionospheric models demonstrate 
the effects of ionospheric disturbances, while electrody- 
namic models can represent the effects of space weather 
on geomagnetically induced currents (Viljanen and  Pir- 
jola, 1995). 

Even faster and more accurate  than  the physical mod- 
els at this  stage  are  the empirical models. The  starting 
point for these models are solar wind, magnetosphere 
and ionosphere key parameters (for example, the  IMF; 
the solar wind  velocity and pressure; or geomagnetic in- 
dices) which are directly related, in many cases with a 
physical basis, to disturbances in geospace. Such models 
are nonlinear dynamic systems (including prediction fil- 
ters, linear and nonlinear) and  neural networks. These 
relatively simple input-output  algorithms  are  able to 
"learn"  from a database of events how to represent a 
certain  type of geospace activity. Modeling efforts have 
included the geomagnetic or ionospheric electric activ- 
ity to solar wind and  IMF changes (e.g., Valdivia et al., 
1996; Vassiliadis et  al., 1995; Weimer, 1996; \;Vu and 
Lundstedt, 1996); propagation of solar wind  from one 
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Fig. 9. The response of the  high-latitude ionospheric electric 
potential to the interplanetary magnetic field (IMF) derived from 
D E 2  data for a specified solar wind input of constant amplitude, 
B = 10 nT, and variable  clock angle (Weimer, 1996). The IMF 
clock angle is shown at the upper left comer in  each graph, while 
the  extreme  positive and negative  potentials in kV are shown at 
the lower left  and right corners. Empirical models such as this 
will play a major role in the first phase of geospace forecasting. 

region to another;  and  propagation of geomagnetic dis- 
turbances from one region to another (Vassiliadis et al., 
1996). An example is shown  in Fig. 9. Recently there 
have been several efforts to derive physically based  mod- 
els (Horton  and Doxas,  in press, 1997) and compare 
them with the empirical models; and derive time scales 
and  strengths of the solar wind-magnetosphere- 
ionosphere coupling, from nonlinear filters (Klimas  et  al., 
this volume, 1998) or neural networks (Wray and  Green, 
1994). 

But even with these early successes, space weather 
activities need mobilization and  support at  the govern- 
ment agency  level. For this reason, several U S .  agencies 
with activities related to or affected by space weather 
conditions have coordinated their efforts through the 
National Space Weather Strategic  and  Implementation 
Plans (NSWC, 1995, 1997). At the same  time individ- 
ual agencies  develop their own programs  related to space 
weather. Both NOAA (through  its Space Environment 
Center)  and the Air Force have presented mechanisms 
for the transition of models to operations. NSF has 
initiated a series of workshops focused on specific prob- 
lems due  to space weather while NASA supports  space 
weather activities through missions and research. 

7.3 Recommendations for future development 

There  are  standard requirements for a generic forecast, 
and in addition,  there axe specific modifications for each 
one of them for geospace forecasts. Standard require- 
ments include timeliness, availability, and accuracy of 
the forecast. In  our days the first one is accelerated by 
the rapid data distribution on the  Internet. 

The availability of geospace data is a  critical  factor 
for forecast quality. In addition to continuous monitor- 
ing of the solar photosphere, we need continuous solar 
wind monitoring by WIND and/or ACE to  attain ge- 
omagnetic forecasting of 0.5-1 hour in advance. Fund- 
ing new ideas of monitoring activity on the Sun  and in 
geospace are necessary to widen the basis on which space 
weather can be built. On the ground we need denser 
coverage of the high-latitude ionospheric and geomag- 
netic response. Data compilation, storage,  and  rapid 
access  become easier to handle  with networks such as 
Intermagnet, CANOPUS, and IMAGE now available on 
line. Such databases have a twofold  role: they  are useful 
for empirical model development, and  can  aid real-time 
predictions; and they are useful  for retrospective  studies 
("post-mortem" analyses) conducted by users (Kappen- 
man and Livingston, in press, 1996). 

Once models for geospace forecasting are developed, 
modern methods of validation need to be applied to 
measure model accuracy (Doggett, 1996). Only direct 
comparison of several models, or model families, on  com- 
mon data sets will display relative strengths  and weak- 
nesses. Standardization of forecasts and  error analysis 
will improve the reliability of models. 
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For further progress under the present budget cli- 
mate, interdisciplinary and intradisciplinary collabora- 
tions will have to increase in depth  and scope. Currently 
several efforts in the magnetospheric and ionospheric 
groups are involved in linking empirical and physics- 
based models. One such case is the Space Weather Iono- 
spheric Forecast Technologies effort, which combines 
models for geomagnetic index activity, high-latitude elec- 
tric  potentials (such as those of Fig. 9) and  currents, 
to forecast ionospheric disturbances over northern geo- 
graphic  location (Siscoe and  Maynard, 1996). 

Finally, a preliminary outreach effort undertaken by 
several individual space physics groups and organiza- 
tions, in conjunction with independent activities of the 
planetary physics community, has shown that  the pub- 
lic  is already  interested in weather in space. In con- 
tinuing  and intensifying the outreach efforts, for exam- 
ple making the forecasts, especially those of large-scale 
events, and  the related  products widely accessible, we 
will raise the public's understanding of and  support for 
space  weather applications. 

8 The terrestrial factor 

8.1 The importance of the terrestrial ionosphere for 
geospace dynamic processes 

It is beyond any  doubt that  the cause of all geospace 
activity is the entry of solar wind material  and energy 
into  the  Earth magnetosphere. There is  however a regu- 
lating  factor that only gradually came to be considered 
by the scientific community: we refer to  the terrestrial 
factor, which  was more or less neglected during the first 
two decades of space research. There were  two notewor- 
thy exceptions: Dessler and Hanson (1961) and Axford 
(1970) suggested that  the solar wind provides the energy 
for the magnetospheric processes (storms/substorms), 
while the particles are provided by the terrestrial iono- 
sphere. Their suggestion remained without influence  un- 
til  the discovery of  precipitating energetic O+ ions by 
the Lockheed group in the early 1970s (Shelley et a l . ,  
1972). 

The development of mass/charge-discriminating 
plasma instruments  made it possible for numerous stud- 
ies during the 1970s and  the 1980s (e.g., Geiss et al., 
1978; Peterson et al., 1981; Shelley et al., 1976; Strange- 
way and  Johnson, 1984) to demonstrate  that magneto- 
spheric hot plasma contains a significant component of 
O+. Eventually  the well-founded and  supported domi- 
nance of the solar wind as a particle source of the hot 
magnetospheric population was disputed. Following the 
confirmation of the significance of the ionospheric parti- 
cle source, many studies (Baker et al., 1982; Cladis and 
Francis, 1992; Kaufmann  and  Lu, 1993; Lakhina, 1995; 
Moore, 1991; Rothwell et al., 1988; Young et al., 1981) 
on the influence of ionospheric-origin heavy ion species 

Fig. 10. Accumulated percentage of the ion  energy density  at 
geosynchronous altitude (i.e. outer ring  current) as a function 
of energy Daglis  et  al. (1993). Plotted are  curves for the  total 
energy density as well as for the  energy  density of the 4 main ion 
species (H+, O+,  He++,  He+).  The two  panels show that  both 
during  quiet (left) and during active  (right)  times,  the bulk of the 
plasma's energy density in the  inner  magnetosphere is contained 
in the energy  range -10-200 keV. More details in the  text. 

(He+ and O+) on magnetospheric dynamics were pub- 
lished. The influence of O+ on wave growth, propaga- 
tion,  and decay is of special importance for magnetic 
storm dynamics (e.g., Singer et ai., 1979; Thorne  and 
Horne, 1997). 

In the  late 1980s, the  AMPTE mission (Krimigis et al., 
1982) complemented and  extended the earlier studies 
with multi-species ion measurements extending  into the 
higher (- 20-200 keV/e) energy range. The missions 
Geos, ISEE 1 and  ISEE 2, had covered only lower ener- 
gies (<17 keV/e). The importance of full compositional 
measurements, extending to  the higher (>20 keV) en- 
ergy range  cannot be overemphasized, since it has been 
shown that  the bulk of the  plasma's energy density in 
the near-Earth magnetosphere is contained in the energy 
range -10-200 keV. Figure 10 (adopted from Daglis 
et al., 1993) shows both  the contribution of the different 
ion species to  the  total energy density and  the energy 
distribution of the ion energy density. The curves rep- 
resent averages over 2.5 years of measurements by the 
CHEM instrument  onboard AMPTE/CCE. They show 
the accumulated percentage of the ion energy density 
at  geosynchronous altitude (i.e. outer  ring  current) as 
a function of energy. Plotted  are curves for the total 
energy density as well as for the energy density of the 
4 main ion species (H+, O+, He++,  He+).  The  left 
panel shows the average energy density distribution in 
the  outer ring current at geomagnetically quiet times, 
while the right panel shows it for active conditions. It is 
clear that the bulk of the  total measured ion energy den- 
sity is contained in the energy range -10-200 key.  This 
fact is  even more pronounced during  magnetmpheric 
dynamic processes such as storms  and  substorms  (e.g., 
Daglis et al., 1994; Krimigis et  al., 1985). Moreover, 
Daglis and Axford (1996) showed that  the increase in 
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O+ during  substorms occurs predominantly in the up- 
per energy range (>20 keV) . 

8.2 Ionospheric Of ions in substorms 

Measurements with the CHEM spectrometer (Gloeckler 
et  al., 1985) on board AMPTE/CCE provided impor- 
tant clues on the role of terrestrial origin ions (0+ in 
particular)  during  substorms. Significant enhancements 
of O+ ions during a substorm growth phase were  shown 
by Daglis et al. (1990). A series of statistical  stud- 
ies based on CHEM measurements (e.g., Daglis et al., 
1991a, 1993, 1994) demonstrated  a  strong correlation 
between the energy density of the ionospheric origin O+ 
ions in the inner magnetotail,  and the  auroral electro- 
jet activity  during  substorm expansion. This correlation 
was  shown to exist at  a  time resolution of 15 min. Most 
of the previous studies  had used long-time (usually sev- 
eral  hours) averages of AE indices or the K p  index (e.g. 
Lennartsson and  Sharp, 1985; Lennartsson and Shelley, 
1986; Young et al., 1982). However, within a time in- 
terval of several hours, more than one substorms can 
take place and  both  the magnetospheric conditions and 
the ionospheric state can undergo a series of dramatic 
changes. The use of several-minute averages of measure- 
ments guarantees that  the substorm  features  are  not a 
priori smoothed  out  (Baker et al., 1986). 

Daglis et al. (1996) used substorm observations with 
MICS (Magnetospheric Ion Composition Spectrometer, 
Wilken et al. (1992)) on board CRRES (Combined Re- 
lease and  Radiation Effects Satellite) to demonstrate 
that  the O+ abundance follows the  intensity enhance- 
ments of the westward electrojet very  closely in time, 
exhibiting a continuing increase, contrary to  the be- 
haviour of the other  major ion species H+ and He++. 
An example is shown in Fig. 11. This  feature, which  is 
consistent with the  above mentioned statistical  studies 
of AMPTE/CCE observations (Daglis et al. (1994) and 
previous papers),  points towards a fast activation of an 
extraction/acceleration mechanism which  feeds the in- 
ner plasma  sheet drith ions of ionospheric origin during 
the  substorm expansion. Gazey et al. (1996) showed 
that such substorm-time O+ injections into  the inner 
magnetosphere can originate in discrete auroral arcs. 
The  study confirmed the importance of the  auroral iono- 
sphere, as already  indicated by previous statistical  stud- 
ies (e.g., Daglis et al., 1994; Lockwood et  al., 1985; Yau 
et al., 1984). 

The ability of AMPTE/CCE  and CRRES to acquire 
compositional measurements in the  upper energy range 
permitted the recognition of the  importance of iono- 
spheric O+ ions, because it is  in the  upper energy range 
where their  contribution to  the active magnetosphere is 
substantial. Motivated by the  AMPTE/CCE  and CR- 
RES results, Daglis and Axford (1996) suggested that 
in response to increased solar wind-magnetosphere cou- 
pling a fast feeding of the magnetosphere with iono- 
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Fig. 11. Energy density  time profile and provisional AE indices 
for a substorm observed by CRRES on 7 March 1991.  The  seven 
panels show: 1. the H+ energy density (in  keV/cm3), 2. the O+ 
energy density, 3. the  He++ density, 4. the  contribution of H+ to 
the  total energy density (in %), 5. the  contribution of O+ to the 
total energy density, 6. the AL index, 7. the AU index. 
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spheric ions can lead to  a transient localized dominance 
of heavy ionospheric ions (namely O+) and consequently 
to  an ionospheric regulation (if not control) of the e v e  
lution of dynamic geospace processes. These  results 
showed the  capability of the  auroral ionosphere to re- 
spond in a fast way (within  characteristic  substorm time 
scales) to energy input from the solar wind and  the mag- 
netosphere  and to effectively load the near magnetotail 
with ions. Localized high abundance of O+ ions can 
trigger substorm onset through  the  excitation of several 
kinds of instabilities, as described by a number of re- 
searchers (e.g., Baker et al., 1982; Biichner and Kuska, 
1997; Cladis and Francis, 1992; Lakhina, 1995; Rothwell 
et al., 1988, 1994). 

A high abundance of ionospheric ions in the plasma 
sheet may cause  important differences between strings 
of multiple substorms  and isolated substorms.  There 
may be a feedback between increasingly high O+ abun- 
dance  and consecutive substorm expansion onsets. The 
first  substorm in a series primes the ionospheric outflow, 
which in turn favors further  substorm  onsets  through 
high concentrations of O+. This procedure may be the 
key to  the debated  storm-substorm relationship (e.g., 
Kamide, 1979; Kamide et al., 1997a; Wolf et al., 1991). 
It is not clear if storm-time  substorm occurrence influ- 
ences ring  current growth. Several researchers have ar- 
gued that substorm occurrence is not essential to ring 
current  growth (e.g., Iyemori and Rao, 1996; McPher- 
ron, 1997). However, it has been shown that intense 
storms have a  dominant O+ component near  their max- 
imum epoch (Daglis, 1997a),  and the O+ abundance is 
known to increase during  substorm expansion (Daglis 
et al., 1992, 1994, 1996). 

8.3 The ionospheric role in magnetic storm dynamics 

CRRES observations of four intense and one moderate 
storm in 1991 (Daglis, 1997a) showed that lDstl and O+ 
increase concurrently (see  for example Fig. 12). Fur- 
thermore, O+ was the dominant ion species at  the max- 
imum epoch of the-intense  storms (Le. at highest IDstl), 
as it was in the  great February 1986 storm (Hamilton 
et al., 1988). Since the peaks in lDstl are  due  to  the en- 
hancement of the ring current,  the CRRES observations 
actually show that the intensification of the ring current 
at  storm maximum is mainly due to  the contribution of 
O+ ions. Taking into account that a fraction of H+ 
(about 30%  in the storm-time  outer  ring  current) is also 
of ionospheric origin, it is clear that  the majority of the 
ring current particles at storm maximum are of terres- 
trial origin. Inevitably three  major questions emerge: 
1. Do all intense  storms have a  dominant  terrestrial ion 
component? 2. Is an intense ionospheric outflow a pre- 
requisite of intense storms? 3. Is ring  current decay 
regulated by the charge-exchange loss of energetic O+ 
during  the recovery of intense storms? The answer to 
these questions requires an extensive database of storm 
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Fig. 12. The great magnetic  storm of March 24, 1991. The 
diagram shows  the  time profile of the contribution of the  two 
major ion species H+ and O+ to the  total  energy  density of the 
energetic ion population in the outer ring current  region L=5-7 
(as measured by CRRES-MICS), and the  time profiles of the Dst 
and AE indices. Squares with error  bars  mark the actual data 
points on the particle panels. The  main features to be  observed 
is  the  dominance of O+ during storm  maximum, as well as the 
concurrent  increase of the IDstl level  and of the O+ contribution 
to  the  total ion  energy density. 

observations with full compositional measurements in 
the ring  current, which unfortunately is not available at 
present, simply because AMPTE  and  CRRES  are  the 
only  missions so far that have provided such measure- 
ments. 

The great magnetic storm of March 24, 1991  (Fig.  12) 
with lDstl reaching peak values of more than 300 nT has 
been discussed by Daglis (1997a). The O+ contribution 
to  the  total energy density in the  outer ring  current 
(L=5-7) was more than 65%. Fig. 12 demonstrates  the 
concurrent O+ and lDstl increase, as well as the fact 
that the O+ contribution remains at  an extraordinarily 
high  level (above 40%) for a very extended  time period 
(more than 30 hours). It should be  noted that O+ has 
a stronger  earthward  gradient than  H+, resulting in an 
earthward increase of the O+ contribution. Over the L- 
range 5 to 6 for example, the O+ contribution exeeds 
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75% (Daglis et  al.,  submitted, 1998), which  is 10% more 
than  the average contribution in the L-range 5 to 7. 
These observations indicate that the  ring  current growth 
at the maximum epoch of the  storm was due to  the 
explosive enhancement of O+ abundance. 

The bottom panel of Fig. 12 shows the time pro- 
file of the preliminary AE index. It demonstrates  the 
well  known fact that  the O+ abundance  and energy den- 
sity in the inner plasma sheet increase during periods 
of enhanced auroral  activity (e.g., Daglis et al., 1994). 
hrthermore,  it indicates that a series of substorm ex- 
pansions initiates  and  sustains the enhanced ionospheric 
feeding of the inner plasma sheet (Daglis and Axford, 
1996), which leads to a  rapid  ultimate enhancement of 
the ring current, as observed during  intense  storms. It 
has been suggested that a feedback can develop between 
O+ injections and  substorm-breakups successively pro- 
ceeding to  the dusk-side and to lower Gshells (Baker 
et al., 1985; Rothwell et al., 1988). Such a feedback 
can  drive  a rapid enhancement of the ring  current, since 
O+ ions that are injected directly to  the inner (L<6) 
midnight-duskside magnetosphere during  substorm ex- 
pansion (e.g., Kaye et al., 1981; Strangeway and  John- 
son, 1983) have a high probability to stay on closed 
drift paths  and will quickly increase the ring current 
strength.  Another piece of evidence comes from recent 
studies of DMSP measurements (Shiokawa and Yumoto, 
1993), which  showed that high-latitude field-aligned  po- 
tential  drops exhibit strong  enhancements  during the 
substorm recovery phase. Such potential drops are ef- 
ficient agents of ionospheric ion acceleration, and  they 
definitely increase the  rate of ionospheric ion feeding of 
the inner plasma sheet during  substorm recovery, espe- 
cially in a series of successive substorms. 

The March 24 storm exhibited a two-phase profile, 
both in Dst and in the level of O+ contribution. Fol- 
lowing the SSC (at 0341 UT) we can see an increase of 
the O+ contribution from the -10% level to  the -40% 
level, along with a  drop of Dst to - -100 nT. A pe- 
riod of transient Dst recovery and O+ decrease follows, 
and  then we entei  the maximum epoch of the  storm, 
with  both lDstl and O+ reaching their peaks. A simi- 
lar  pattern in lDstl and O+ was observed in the  great 
storm of February 1986 (Hamilton et al., 1988). Intense 
magnetic storms often develop the two-step Dst profile 
(Tsurutani  et al., 1988b). Kamide et al. (1997b) sug- 
gested that two-phase intense storms are actually double 
storms that occur subsequently and possibly owe their 
growth to different reasons. One of the possible scenar- 
ios is that two distinct processes play the leading role in 
the two successive Dst drops,  that is the two  successive 
enhancements of the ring current. The first enhance- 
ment of the ring current (first Dst drop) may be  due  to 
the magnetospheric convection driven by the southward 
IMF  (e.g.,  McPherron, 1997), while the second ring cur- 
rent enhancement (second Dst drop) may be due to  the 
substorm-associated accumulation of a new O+ popula- 
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Fig. 13. Chargeexchange  lifetimes of H+, O+,  He++ and He+ 
ions as a function of their energy for L = 5 (Smith et al., 1981). 

tion. 
An increased relative  abundance of O+ ions in the 

inner magnetosphere does not only have the effect of 
storm-time ring current  enhancement. The resulting 
mass loading is important for wave growth, propaga- 
tion  and  absorption (Kozyra et al., 1984; Moore, 1991; 
Singer et al., 1979; Thorne  and Horne, 1994, 1997). In- 
creased O+ abundance also influences the decay rate 
of the ring current, since the charge-exchange lifetime 
of O+ is considerably shorter  than  the H+ lifetime for 
ring  current energies (240 keV, see Fig. 13). This im- 
plies that O+-dominated ring current will decay faster, 
at  least initially. Such a fast initial  ring  current decay, 
associated with a large O+ component during the storm 
main phase, has been indeed observed in the February 
1986 storm (Hamilton et al., 1988), as well as in the 
storms of March 24, 1991, and of July 9, 1991 (Daglis, 
1997a). 

8.4 Conclusions 

The importance of the terrestrial  factor in solar-terrestrial 
coupling, and in storm  and  substorm  dynamics in partic- 
ular,  has emerged from numerous studies  with  AMPTE 
and CRRES measurements. O+, the  major ion species 
outflowing from the  terrestrial ionosphere, is a poten- 
tial agent for triggering substorm  onset,  particularly in 
a series of substorms. The role of O+ in storm dynam- 
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Fig. 14. The role of O f ,  the  major outflowing  ionospheric ion, in 
the evolution of intense storms  is twofold: 1. It causes the rapid 
final enhancement of the ring current at  storm  maximum, and 2. 
It induces an equally rapid initial ring  current  decay (Fig. 3 of 
Daglis, 1997b). 

ics  is  twofold  (see schematic diagram in Fig. 14): 1. Its 
explosive increase at storm maximum causes the rapid 
final enhancement of the ring  current  and the associated 
IDstl, and 2. After the  storm maximum, O+ induces an 
equally rapid  initial  ring  current decay (that is a  rapid 
recovery of Dst)  , because its charge exchange lifetime is 
considerably short  than  that of  H+ at  the ring current 
energies. In  other words, the terrestrial plasma first pro- 
vides the final touch and  then drives the first (big) nail 
in the coffin  of the ring  current  during  the main phase 
of intense storms. 

The  major question emerging from these observations, 
i.e., if intense ionospheric outflow is a prerequisite and 
a  regulator of intense storms,  cannot be answered at 
present, because it requires an extensive database  with 
full compositional measurements in the ring current  dur- 
ing storms. Such a  database does not exist yet. Under 
these conditions, every single case study is of special im- 
portance,  and  the ISTP opportunity is  most  useful. A 
diagnostic technique that can greatly advance our appre- 
hension of storm  and  substorm dynamics is that of neu- 

tral atom imaging (e.g., Daglis and Livi, 1995; Roelof, 
1989; Williams et al., 1992). The potential of this tech- 
nique is discussed in detail in Section 9. Finally, an 
issue that deserves further  attention is the relation of 
ionospheric outflow to particular  solar events and in- 
terplanetary  disturbances, such as CMEs, ICMEs  and 
magnetic clouds (Daglis et al., 1997). 

9 The potential  of ENA imaging 

9.1 ENA description and  actual observations 

One loss  mechanism that  has been suggested to account 
for the decay of ring current  particle flux in the magne- 
tosphere is charge-exchange with the  neutral hydrogen 
of the exosphere. The outcome of this process consists 
in the so-called Energetic Neutral Atoms (ENA).  These 
are atoms with energies of a few to hundreds of  keV 
emitted from hot plasmas when energetic ions undergo 
charge-exchange interactions. The produced ENA leave 
the interaction region with essentially the same energy 
and direction of the incident ion (Fig. 15). The newly 
created ENA, no more affected by magnetic or electric 
fields, travel in a ballistic orbit, i.e. a  straight line at  
these energies; it follows that  the information of the orig- 
inating ion  is transferred fa r  away from the ion location. 
Hence, we can interpret the ENAs as carriers of the hot 
plasma properties. Through unfolding procedures these 
properties can be easily reassembled, provided that  the 
ENA are detected at  a specific vantagepoint. In this 
way, the remote sensing of magnetospheric plasma be- 
comes potentially possible. The success of this technique 
is constrained by two factors.  First of all, in order to 
produce ENA, ions must interact  with  the exosphere 
gas: hence, this process does not work at  distances >- 
10 RE, where the exosphere gas  density is too low.  Sec- 
ondly, the charge-exchange cross section is very small, 
so that only a tiny fraction of ions converts into ENA. It 
follows that  this signal must be carefully discriminated 
with respect to other local ion signatures (see Orsini 
et a l .  (1994) for an exhaustive discussion on exosphere 
gas density and charge-exchange cross section) . 

A first clear evidence of ENA emission from the geo- 
magnetosphere came from the ion detectors  on  IMPS 7 
and 8 and on ISEEl Roelof et  al. (1985). When these 
satellites were located out of the magnetospheric hot 
plasma, energetic particles were detected to flow from 
the  Earth direction. Roelof and Williams (1988) con- 
structed  the first ENA image of the terrestrial  ring cur- 
rent using these data,  thus giving credence to  the pos- 
sibility of remote sensing the planetary magnetospheres 
via ENA. After the pioneering incidental  detection by 
ISEE-1, some other  sporadic ENA observations have 
been reported by EPIC  and HEP-LD instruments on 
board  the GEOTAIL spacecraft (Lui et al., 1996; Wilken 
et  al., 1997), and by PIPPI instrument on board  the 
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Fig. 15. Schematic representation of the charge-exchange mecha- 
nism:  the energetic ion is neutralized, and escapes from the source 
location with unchanged energy and flow direction. 

Swedish satellite ASTRID (Barabash et al., 1994). Since 
1996, another  hot  plasma  detector,  the  IPS-CEPPAD 
experiment on POLAR is systematically collecting ENA 
each time  the satellite is near the apogee (-9 RE) in 
the  northern polar cup, where energetic charged par- 
ticles are not  present. Henderson et al. (1997) show 
some ENA images collected during  storm  time as well 
as during  substorm time. During the  storm occurred 
on August 29, 1996, the instrument  detected a ring of 
enhanced ENA emission encircling the  Earth. Although 
the  data presented are very preliminary, and in spite 
of the coarse angular resolution and low  efficiency (this 
instrument was not specifically designed for detecting 
ENA),  the  great potential of this technique is evident 
from the color plates. 

9.2 ENA at low-altitude vantage points 

Orsini et al. (1994) show that ENA could be monitored 
even from low-altitude vantage points, located at alti- 
tudes above 400-500 k m ;  below this limit ENA start 
interacting significantly with the exosphere particles, so 
that  the source ion energy and direction information is 
lost (De Michelis and Orsini, 1997). The advantage of 
ENA detection from low-altitude vantage points comes 
from the fact that imaging of specific regions is gained 
with great  detail. F'urthermore, any secondary ENA 
coming from further  interaction with the  Earth's atmo- 
sphere, below the vantagepoint, can be easily discrimi- 
nated from the useful information coming from regions 
located above the vantagepoint. The expected ENA 
fluxes at low altitudes have been simulated by Orsini 
et  al. (1994), by using the  AMPTE/CCECHEM exper- 
iment data as input source (Gloeckler et al., 1985). Dur- 
ing quiet  periods,  the  estimated hydrogen ENA fluxes 
originating from the magnetic equatorial plane (inte- 
grated between 3 and 9 Earth radii) range between 5 x lo2 
[ c m 2  s sr keV]" at 5 keV and a t  120 keV. Al- 
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though the ring current O+ ions are less abundant,  the 
estimated oxygen  ENA fluxes overcome the hydrogen 
fluxes at  energies >80 keV . This is essentially due to the 
different profiles versus energy of the charge-exchange 
cross sections. During disturbed periods, the ion  fluxes 
increase up to  about one order of magnitude, especially 
at energies higher than 10 keV, and  the,expected ENA 
signal is expected to intensify significantly. 

9.3 Focal points for magnetospheric research and ENA 

The ENA spectra  are strictly  related to  the source ion 
distributions; therefore, through signal unfolding pro- 
cedures, it is possible to look globally at the magneto- 
spheric ion populations. The necessary unfolding pro- 
cess  is complicated by the  fact that  the ENA observed 
carry information of magnetospheric plasma weighted 
by the exosphere density  and  integrated along the line of 
sight from the vantagepoint to infinite. Image unfolding 
can be done on the basis of specific mathematical proce- 
dures  (iterative forward modeling), which rely on itera- 
tive comparison of the  actual images with model images 
until the differences are minimized (he lof ,  1987). This 
remote sensing technique preludes to new perspectives 
in the  study of the  planetary magnetosphere. 

- Global image of the plasma  distribution  in  the  Earth 
magnetosphere 

This objective is may be  the most  spectacular  and im- 
plies a  great  educational  potential. Up to now our ca- 
pability to visualize geospace is limited to all that can 
emit or reflect electromagnetic  radiation (for example: 
clouds, smokes and  dust,  rain, rainbows, auroras).  The 
images one could obtain  through ENA would enable 
to monitor a new class of phenomena linked to non- 
radiation  emitting plasma. For example, it would be 
possible to visualize the evolution of phenomena like the 
plasma flow within the magnetospheric regions during 
magnetic storms  and  substorms Daglis and Livi (1995); 
Roelof (1987). 

- Space Weather 

This program was initiated in USA  by the National Sci- 
ence Foundation (Division of Atmospheric Science) and 
its  target is to do forecasts of interplanetary  perturba- 
tions potentially dangerous for telecommunication sys- 
tems, electronic apparatus on board  satellites, flights 
on polar routes,  etc. ENA instruments, giving global 
images, are among the most effective supports for the 
program. In  fact,  the  study of the time relationship link- 
ing the various magnetospheric phenomena will  allow a 
better  understanding of the  perturbation  propagation. 

- ENA  interaction  with the Earth  Atmosphere 

Below 450 km  EN.4 start  to react with the atmospheric 
gas and, because of elastic  and non-elastic interactions, 
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are  partly absorbed and  partly reflected to the space (De 
Michelis and Orsini, 1997). Where the reflection rate is 
high, a true ENA "albedo" would become observable (E. 
C. Roelof, private communication, 1997). 

- Mechanisms of plasma loss of the ring current 

One of the  major mechanisms of plasma loss  of the ring 
current is charge-exchange (e.g., Jordanova  et  al., 1996). 
Good measurements of ENA  fluxes can provide a  better 
estimate of plasma losses. Moreover, they can provide 
an estimate of the  variations of plasma losses as a func- 
tion of geomagnetic activity. 

- Magnetospheric  response  to solar  wind  changes 

When the  southward component of the  interplanetary 
magnetic field and  the solar wind speed increase, stresses 
in the magnetopause are generated that in turn gener- 
ate field aligned currents that connect the magnetopause 
to the ionosphere (the so-called dayside region-1 cur- 
rents).  Through the region called "polar cap", these 
aligned currents  propagate within the inner magneto- 
sphere,  setting a new currents  system, named region-2 
currents (Schield et al., 1969). Plasma pressure gradi- 
ents  are associated to this  currents  system,  particularly 
in the ring current  and in the plasma sheet. ENA mea- 
surements, depending on the plasma intensity fluxes in 
these regions, would  allow the computation of the cur- 
rent  density  and the  study of its space-time behavior. 

- Plasma  injection in the ring current and convection 
electric field 

The plasma of the solar wind and of the ionosphere is 
injected in the inner magnetospheric field  lines in the 
Polar Regions, through acceleration processes due to in- 
stability phenomena. This plasma then flows along the 
magnetic field lines, away from the  Earth in the geomag- 
netic  tail. The enhancements of the magnetic field and 
the dawn-dusk cross-tail electric field are  the cause of 
drift movements that lead the plasma towards the equa- 
tor,  taking it back-towards the  Earth,  up  to  the supply- 
ing the ring current. The ring  current ions injected from 
the plasma sheet by the magnetic field gradient and by 
the ExB drift, move along the equipotential surface: 

W = pBm + qU = const (1) 

where W is the  total energy, p = ?$ is the magnetic 
moment, V I  is the  normal velocity, B,  is the  mirror 
point magnetic field, q is the charge and U is the elec- 
tric  potential  (Whipple Jr., 1978). Fig. 16 shows the 
electric equipotential  contours on the equatorial mag- 
netosphere. From equation (1) it follows that in the 
dusk sector, where U is  lower, the  adiabatic  heating of 
the source ion distributions would  influence the ENA 
spectra. Conversely,  in the dawn sector the ENA signal 
would  reflect the cooling of the ion spectra  (Fig. 16). 

Fig. 16. A typical  equipotential  pattern in the  magnetosphere 
showing an approximately uniform cross-tail field  far  from the 
Earth and the  coronation field  near the  Earth. The dashed curve 
is the  locus of points where the  magnetic field is either a maximum 
or a minimum  in any given  equipotential  (Fig. 1 from Whipple Jr. 
(1978)). 

Milillo et al. (1996) simulate the ENA energy spectra 
by using the  AMPTE/CCECHEM ion distributions as 
source for the simulation. The modeled ENA - derived 
along both dawn and dusk look directions  (Fig. 17) are 
roughly unfolded  in order to reconstruct the ion velocity 
distribution function at  90" pitch angle. 

By comparing the unfolded ion spectra, the relative 
variation of the ion kinetic energy is derived, thus al- 
lowing an estimate of the electric potential  drop AU. 
Milillo et al. (1996) conclude that  the evolution of the 
convection electric field could be continuously and glob- 
ally monitored via ENA detection. . 

9.4 Clues for future magnetospheric missions 

Actually, ENA data  are not yet available, except for a 
few sporadic events and  the recent data coming from 
IPS-CEPPAD on POLAR. Nevertheless, the observa- 
tions  reported as well as the simulation efforts have al- 
ready confirmed the great  potential of such measure- 
ments for global understanding of the magnetospheric 
plasma processes. More data, systematically collected 
by instruments fully devoted to ENA detection,  are 
needed. For these reasons, a global imaging mission 
named IMAGE (Burch, 1996) is planned to be launched 
at  the beginning of  2000. This mission will carry  three 
ENA imagers, operating at  three  distinct energy ranges, 
between a few  eV and  hundreds of keV. An effort for 
providing other  satellites (to be launched in the same 
period of IMAGE) with ENA instrumentation  on  board 
would be worth: in fact, multi-spacecraft EN.4 imaging 
would  allow three-dimensional stereographic  analyses of 
the inner magnetosphere. We are convinced that ENA 
detection will constitute  an  unprecedented  opportunity 
for a global understanding of plasma  dynamics in the 
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Fig. 17. Comparisons of the ENA H  (squares)  and 0 (circles) 
spectra  simulated for the  dawn (white)  and  dusk (black) direc- 
tions,  respectively at +22.5O and -22.5’ from the  Sun-Earth axis. 
The  three panels refer to  three different vantage  points (at MLT 
= 0000), with  magnetic  latitudes Mlat = 6 0 ° ,  O o ,  and +50°. 

Earth’s magnetosphere. 

10 Conclusion 

Solar-terrestrial coupling is multifaceted just as are  the 
physical systems it involves. Disturbances originating at  
the Sun  and traveling through  interplanetary  space in- 
duce explosive processes such as storms  and  substorms 
in geospace. Basic research of solar-terrestrial physics 
has long been most attractive. Recently, solar-terrestrial 
physics acquired an applied touch too,  due to  the often- 
deleterious effects of solar-terrestrial coupling processes 
on technological systems (e.g., Baker et al., 1994; Lanze- 
rotti, 1994), due to increasing indications that solar in- 
duced geomagnetic disturbances may be hazardous for 
human  health (e.g., Halberg et al., 1991; Roederer, 1995; 
Watanabe  et al., 1994), and  due to considerations on the 
influence of solar wind on weather and climate change 
(e.g., Tinsley, 1994). 

The most application-oriented part of solar-terrestrial 
research today is space weather forecasting, which  is an 
effort to have “visible” (and useful to the technologi- 
cal society) means of predicting major geospace distur- 
bances. This new aspect of research in our field should 
be given proper  attention  and  support.  Certainly  it 
cannot develop without more detailed input regarding 
differences  in solar-terrestrial coupling due to  the varia- 
tions in solar wind composition (Section 3), the geoeffec- 
tiveness of different interplanetary  structures (Section 
4), the differences  in plasma transfer processes at  the 
magnetopause (Section 5), the dynamics of substorms 
(Section 6 ) ,  the regulative role of the  terrestrial iono- 
sphere (Section 8), or the  radiation belt dynamics (an 
important  topic  that  has not been  covered by this pa- 
per). New measuring techniques (Section 9) are essen- 

tial to the effort  for more global information, since a 
holistic approach is necessary in order to put pieces 
together and  obtain  a comprehensive picture of solar- 
terrestrial processes. 

Finally, meetings like the Symposium on Solar- 
Terrestrial Coupling Processes in Paros, which bring to- 
gether scientists working on different topical fields, have 
the merit of promoting fertile interaction, of providing 
overview  on the advances of the “foreign” fields of re- 
search,  and of giving birth to new ideas on collaborations 
and  future research directions. 
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